High-purity germanium crystals used for making nuclear radiation detectors are usuafly grown in a hydrogen ambient from a melt contained in a highpurity silica crucible. The benefits and problems encountered in using a hydrogen ambient are reviewed.
Introduction
The ambient selected for growing high-purity germanium crystals must satisfy a variety of conditions: 1) it must be of high purity so that it does not contribute electrically-active centers to the crystal, 2) it must not interact with the crystal grower materials to liberate impurities, 3) it must provide some mechanism for suppression of impurities contributed by crystal grower parts, 4) it should not combine with vacancies, interstitials or dislocations to give electrically-active centers, 5) it should allow the establishment of the proper thermal environment for growing crystals of high structural perfection and 6) it should be compatible with heating by radio frequency induction. The ambients which have been considered are vacuum, inert gases, nitrogen and hydrogen. Vacuum A vacuum environment seems to meet all the criteria listed above. In our diffusion-pumped vacuum system, the residual "impurity" concentration is much higher than in inert gases and hydrogen. The impurities consist almost entirely of H20, CO. H2 and CXH The H2 and CxHy should not affect purity and the H26 and CO can only form GeO. GeO has a very high vapor pressure at the melting point of germanium and so will deposit on the cooler parts of the crystal grower in vacuum, thus being removed from the system. The reaction of oxygen with the quartz may lead to SiOx precipitates.
Vacuum-grown crystals have generally exhibited low purity and trapping occurs in detectors made from such crystals. These impurities are most likely the result of bombardment of the cooler parts of the crystal grower (seed rod, seals, crucible support, vacuum plumbing) by residual hot gas atoms.
Inert Gases and Nitrogen
Ambients with flowing gas at NTP have an advantage over vacuum because of simplicity in maintaining a high-purity environment. Cooler parts of the crystal grower may out-gas. But the flowing gas carries away the products. Inert gases can be purified to a very high degree using reactive getters. Boil-off helium can be used as well. Nitrogen can only be purified with great difficulty because it reacts with strong getters such as titanium, barium, etc.
Germanium crystals grown from silica crucibles in inert gases or nitrogen at NTP alw lys contain high concentrations of oxygen (>1014cm-) because GeO evaporation is effectively prevented by the gas. This residual oxygen is always accompanied by charge trapping in detectors1 and gives "smooth pits"2 when crystals are etched with preferential chemical etchants.
The charqe trapping has been attributed to SiO2 precipitates. No discrete energy levels in the bandgap have been found which can be associated with smooth pits.
A further disadvantage of inert gases is that radio frequency induction heating cannot be used with high-purity inert gases because of their low breakdown voltage. Nitrogen and hydrogen, on the other hand have sufficiently high breakdown voltages to allow RF heating.
Hydrogen
Hydrogen is the only gas which has been successfully used for high-purity Ge crystal growth. Its behavior as an ambient for crystal growing is complicated. In spite of the complications, the advantages are such that all commercial detector grade germanium is grown exclusively in hydrogen.
Hydrogen as a Growth Ambient
Hydrogen gas has a very high thermal conductivity and low viscosity so that thermal convection greatly disturbs the one-dimensional thermal gradient desired for growing highly perfect crystals. One way to lower convective effects is to lower the thermal gradients.
This means that large diameter crystals (>4cm dia.) must be grown at very low rates (1-3cm/hr-1) to prevent twinning, mosaic and denditric growth. Small thermal gradients lead to the development of surface facets which cause crystal growth to be very unstable.
The concentration of oxygen in crystals rown in hydrogen from silica crucibles is low (=5x1 3cm-3) because the reaction: Si°2 + 2Ge+ Si + 2GeO (1) is forced strongly to the left by the competing reaction:
GeO + H2 * Ge + H20. (2) When germanium is in equilibrium with its melt in hydrogen, the solubility of hydrogen is much higher in the melt than in the solid. This is shown by the observation that when a partially frozen mass of germanium is rapidly cooled, the newly frozen parts are filled wth bubbles. These observations together with the known low solubility of hydrogen in germanium means that Henry's law15 is obeyed so that the segregation coefficient, Cs/CL, is less than one. A segregation coefficient much different from one means that the impurity concentration in the crystal will be sensitive to the pull rate. All of the hydrogen-related centers found to date are weakly bound complexes whose concentration can be greatly modified by heating or quenching in the temperature range 0-400 C. As a consequence, detector fabrication processes (lithium diffusion, implantation annealing) can modify the concentration of electrically active centers.
The phenomenon of "coring"10 is another important problem which may be related to hydrogen. Germanium crystals grown in hydrogen out of silica tend to be p type at the head and n type at the tail (never the reverse) due to non-segregating aluminum acceptors and segregating phosphorus donors. Rurifier and a generation and recovery system for the H. In order to minimize the total 3H inventory, the interior volume was made to be less than one liter.
The IH, 3H generation-recovery was achieved by absorbing the gas mixture on a uranium pellet contained in a welded stainless steel thimble. The gas was recirculated and purified during growth using a stainless steel bellows pump and liquid nitrogen cooled trap packed with stainless steel wool. The total gas content absorbed on the uranium pellet was 2000cm3H2+ 3.85cm3 T2 (10 Curies) at NTP. In order to minimize contamination of the Ge melt by silicon and oxygen, the silica crucible was coated with Si3N4 deposited from a chemical vapor (from NH3 and SiH4).
The crystal growing process involves the following steps: 1) add the high-purity germanium charge to the crucible (usually 800 g to 1 kg), 2) evacuate the entire apparatus including the loaded uranium cell to 10-7 torr, 3) heat the germanium under vacuum to 800'C to remove GeO and H20, 4) close off the vacuum and heat the thimble until the internal H2 pressure is 8 psi--about 450 C, 5) cool the trap with LN2, start the pump and melt the charge, 6) lower the furnace to the growth position--the pressure is now 1 atm--grow the crystal, 7) immediately after the melt is depleted from crystal growth, shut off heater. The crystal cools to 300*C in about 15 min, 8) at 3000C, open the valve to the uranium thimble to recover the gas mixture. The pressure will return only to about 10-5 torr due to 3He from 3H decay, plus outgassing of the system during growth. The uranium pellet source can be used almost indefinitely (12.4 y half-life). Close to 100% gas transfer efficiency can be achieved since with each use, the 3H decay product 3He is pumped off. 11.06 No 
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In order to test for the presence of bound hydrogen, several samples of dimensions 1.5xlOxlOmm were cut from the center of a tritium-grown crystal. All of the samples h ed a net shallow acceptor concentration (NA-ND) of 1.1x1011 m-3 and a total hydrogen concentration of 1.3x1015cm-. Each piece was etched and cleaned in acidic peroxide (6:1:1; H20:H202:HCl) and heated for two hours in a silica furnace tube in nitrogen at different temperatures. After the heat treatment, each piece was fabricated into a radiation detector by diffusing lithium into one side (at temperatures well bellw the annealing temperature) and implanting boron (10 4cm-2 at 25keV) on the opposite side.
Capacity-voltage measurements were taken on each device in order to measure the net acceptor concentration and detector depleted volume; the hydrogen concentration was found from the tritium decay rate. The result of such a set of measurements is shown in Fig. 4 .
The hydrogen concentration data points of Fig. 4 are fit to the theoretical expression for simple dissociation (Eq. 9) by using the dissociation energy, ED=1.8eV and the attempt frequency, v=108s- These ideas were tested using experimental conditions which exclude copper. The mreasurements on samples like those of Fig. 6 were repeated using active copper gettering. This was accomplished by sputtering on both sides of the samples 400A Pd followed by 2pm Au before they were placed in the annealing furnace. The Pd served as a wetting agent; both the Pd and Au were of commercial purity (99.99%). After annealing, the Au-Ge eutectic was lapped off and the samples were made into radiation detectors. During annealing the Au-Ge eutectic "beads up" due to its high surface tension and does not cover the samples uniformly so that the sample is not encapsulated but is simply in contact in many spots with a liquid phase. Figure 5 shows the result of the active getter annealing. The experimental points are best fit by ED=3.OeV and v=1014s-l. Again it is seen that the disappearance of hydrogen is coupled to the rise in acceptor concentration but in this case DLTS shows that it is not due to copper. The rise in acceptor concentration is due to another deep impurity which has not as yet been identified. The hydrogen concentration as a function of annealing temperature for both the gettered and ungettered samples are plotted together on the same temperature scale in Fig. 6 .
Preliminary analyses of the gold-gettered samples using C-T, DLTS19' 21 and PTIS20 show two new levels--one at Ev+O.O17eV and the other at Ev+0.032eV. The sample heated to 540 C has a concentration of the 32meV level of 2.gx1010cm-3 while the concentration of the 17meV level cannot be resolved from the shallower acceptor concentration of 1.6x101lcm-3. However, the 17meV center is seen clearly with PTIS and is a complex, non-hydrogenic acceptor. It does not correspond to the two known Cu-H levels.9 For the sample heated to 575 C, the 17meV concentration is 5.0x1O 1cm-3 (calculated by difference assuming the shallower concentration has not changed) and 32meV is 2.7x101lcm-3.
Thus, when the copper is removed, the hydrogen binding center still does not dissociate directly but is mediated by another fast diffusing impurity which comes in at a higher temperature. The dissociation energy of the hydrogen binding center is therefore probably greater than 3.0eV. Of the known hydrogen complexes--CuH, V2H, SiH, OH--all have much lower dissociation energies. A possible candidate to be considered is H2. Free H2 has a dissociation energy of 4.5eV.
Hydrogen Precipitation
Crystals grown in hydrogen are highly supersaturated at ambient temperatures and it is to be expected that precipitation will occur in a manner analogous to the well-known lithium and copper precipitation. It To test whether the hydrogen incorporation kinetics are different in dislocated and dislocation-free crystals, a crystal was grown in tritium-spiked hydrogen from which a slice was obtained which was half dislocated and half dislocation free. The dislocated half had a hydrogen concentration of 1.4x1015 and the dislocation-free half 1.5x1015cm-3. Therefore dislocations do not modify the hydrogen incorporation kinetics.
Hydrogen Concentration in Precipitates
The defects which give rise to etch pits in dislocation-free hydrogen-grown germanium crystals are expected to result from hydrogen precipitation. However, it is not known whether these defects actually contain hydrogen or not. If they do contain hydrogen, the hydrogen can form an interstitial precipitate or can be trapped in a void or a bubble.
Evidence to resolve the structure of the pits can be obtained from the high temperature stability of the defects. If dislocation-free hydrogen-grown crystals are heated to a temperature and for a time sufficient to out-diffuse all the hydrogen, the local strain field should collapse for the case of an interstitial precipitate and the etch pits should disappear. If the local strain which is decorated by the chemical etchant is due to an internal surface, the etch defect may not be annealed out even at high temperatures. hydrogen probably does not exhibit retrograde solubility near the melting point. This last observation, if true, indicates a unique property of hydrogen in that all the other impurities in germanium which are weakly soluble or have high heats of solution show strongly retrograde solubility near the melting point. By analogy, hydrogen permeation measurements in silicon22 suggest that the hydrogen solubility also is not retrograde in silicon.
The surprising effect of Cu in lowering the dissociation energy of bound hydrogen suggests comparisons with some types of catalysis as seen in liquid and gas phase chemical reactions. An obvious close analog is the hydrogenation of low melting fats to produce room temperature solids which is done on a very large scale. In this reaction, an unsaturated fat or oil is heated with hydrogen under pressure but the hydrogenation will not go spontaneously at temperatures below the decomposition temperature of the oil. However, if a powdered metal (nickel or platinum) is added, the reaction procedes rapidly at reasonable temperatures. The metal appears to play the role of a catalyst which is able to lower the dissociation energy of the hydrogen so that the reaction can proceed at lower temperatures. It is tempting to speculate that we have found an example of chemical catalysis in the solid state and that this kind of effect may have more general application in analyzing other defect reactions in semiconductors.
Using the technique of annealing tritium doped detectors with active impurity gettering, it may be possible to measure the hydrogen dissociation directly without the apparent catalytic interference of impurities simply by using higher purity getters. This result would be of considerable theoretical interest in that we would have a quantitative measure for the influence of the germanium lattice on the H-H bond.
Note Added in Proof
A recent publication on palladium-doped germanium23 provides evidence that the unknown impurity responsible for hydrogen dissociation in the Augettered samples is palladium. Golubev 
